The paramagnetic complex bis(oxazolinylphenyl)amine-Fe(III)Cl 2 is investigated by means of solid-state proton NMR at 18.8 T (800 MHz) using magic-angle spinning at 65 kHz. Spin echoes that are excited and refocused by combs of rotor-synchronized pulses in the manner of 'Delays Alternating with Nutation for Tailored Excitation' (DANTE) allow one to characterize different chemical environments that severely overlap in conventional MAS spectra. Such sequences combine two apparently contradictory features: an overall bandwidth exceeding several MHz, and very selective irradiation of a few kHz within inhomogeneously broadened sidebands. The experimental hyperfine interactions correlate well with DFT calculations.
Introduction
Paramagnetic species in solids often have such broad NMR spectra that they cannot be properly excited by a single pulse nor refocused to form spin echoes [1] . In recent years, several experimental approaches have been proposed to overcome these intrinsic difficulties both in static solids and under magic-angle spinning (MAS) conditions [2] [3] [4] . Investigations of systems containing paramagnetic centers have proved to be important for a variety of fields, ranging from the structure determination of metalloproteins [5] [6] [7] [8] to the characterization of catalytic organometallic complexes [9] [10] [11] [12] [13] [14] . We have recently shown that spin-echo techniques based on combs of rotor-synchronized pulses employing Delays Alternating with Nutation for Tailored Excitation (DANTE) [15] [16] [17] [18] can be used to excite nuclei such as protons that experience severe inhomogeneous broadening due to nearby paramagnetic nuclei [19] .
The excitation profile resulting from a comb of N rf pulses of duration s p spaced by a delay s features a series of narrow spikelets whose width is proportional to (N Â (s + s p ))
À1
, extending over a spectral width proportional to s À1 p [18] . When combined with magic-angle spinning solid-state NMR, DANTE excitation schemes can be applied in a rotor-synchronized fashion, i.e., with N Â (s + s p ) = s rot . When an inhomogeneously broadened powder pattern is broken up into spinning sidebands by the mechanical rotation, a proper choice of the carrier frequency allows one to uniformly excite a whole spinning sideband family over s À1 p . This amounts to saying that the comb of excitation spikelets can be shifted in frequency domain to match the spinning sideband family of a nuclear species in a given environment. We have shown [19] that if one applies only one pulse of length s p per rotor period (N = 1) and if the DANTE burst extends over K rotor periods, any cumulative flip angle can be achieved by virtue of the synergy between the rf pulses and the rotational echoes, as long as homogeneous decay in the pulse intervals can be neglected. We have indicated this scheme by the symbol D K 1 . We have shown [19] that DANTE schemes can achieve not only broadband excitation, but also broadband refocusing and broadband inversion, or indeed any arbitrary flip angle, covering spectral widths as large as several MHz at rf field strengths as low as 30 kHz.
In this Letter, we use very fast spinning rates near m rot = 65 kHz and investigate inhomogeneous broadening of proton resonances in the paramagnetic complex bis(oxazolinylphenyl)amineFe(III)Cl 2 that may be relevant for stereoselective catalysis. Chiral derivatives of this complex were successfully employed in hydrosilylation reactions of aromatic ketones [20] [21] [22] . We show that by using a large number of rotor periods K, the width of the rf spikelets can be made so narrow that one can tune the selectivity of the DANTE scheme to monitor barely resolved and partly overlapping signals stemming from inhomogeneous environments.
One can cover the full lineshape by moving the carrier frequency across a spectral range equal to the spinning frequency. This permits one to obtain site-specific information normally hidden by inhomogeneous broadening. To the best of our knowledge, there is no other technique in solid-state NMR that allows such a selective exploration.
Results and discussion
The structure of the Fe(III) metal complex considered in this Letter is shown in Figure 1a . Three structures optimized with DFT methods for three possible spin states S = 1/2, 3/2 and 5/2 are overlaid in Figure 2b . For such compounds, a simple pulse-acquire sequence results in severely distorted lineshapes which are unsuitable for interpretation [23] . This is due to dephasing occurring during the dead time before acquisition that cannot be properly treated by a phase correction of the resulting spectrum as well as to a non-uniform excitation of the entire spectral width. A more efficient approach which overcomes the former problem consists in utilizing spin echo experiments [24, 25] , allowing the signal acquisition to be triggered at the top of a rotational echo where inhomogeneous dephasing is refocused. Only spin-echo experiments have been considered in this Letter. The desired p = 0 ? p = +1 ? p = À1 coherence-transfer pathway [26] can be selected either by using conventional rectangular 90°and 180°p ulses or with DANTE combs
nized pulses. Figure 2a shows a spin-echo spectrum of the compound shown in Figure 1 . Inhomogeneous broadening due to the paramagnetic center is clearly visible. However, it is debatable whether the full anisotropic hyperfine spinning-sideband pattern has been uniformly excited. Figure 2b shows an expansion of a spectral region which matches the spinning frequency m rot = 65 -kHz, extending from the centerband at ca. 12 ppm to the first spinning sideband to its right (i.e., towards lower frequency). A second component can be clearly identified at ca. À15 ppm. However, a fit of this spectrum assuming two sites with different CSA tensors (or, equivalently, different hyperfine coupling tensors) results in a very poor agreement with the experimental data. This is presumably due to the presence of (at least) a third site that gives rise to a spinning-sideband family that is completely hidden underneath the two main components because of its much larger anisotropy. An attempt to fit with three different sites however failed to reproduce the experimental spectrum. This is probably due to a nonuniform excitation across the whole spectrum as well as to homogeneous broadening which results in severe overlap. The selectivity of the rf spikelets resulting from DANTE combs allows one to probe a specific environment present in the sample. By stepping the rf carrier frequency across the interval between two spinning sidebands, it is possible to extract both isotropic and anisotropic hyperfine information contained in the whole lineshape of Figure  2a . The choice of N and K for DANTE spin-echoes is important for such purposes since the selectivity of the comb can be tuned at will through these two parameters. For the measurement of inhomogeneous broadening, N = 1 allows the excitation of all spinning sidebands belonging to a given site. A reasonable flip angle is then achieved by repeating the DANTE unit K times for excitation and 2K times for refocusing. In order to enhance site-selectivity, one can increase K so to reduce the width of the rf spikelets. Signal losses due to homogeneous decay, on the other hand, can be minimized by decreasing K and increasing the pulse length s p .
In our sample, we found a good compromise with N = 1 and K = 5. Such DANTE experiments can be referred to as
Given an rf field strength m 1 = 250 kHz and using a pulse length s rot = 0.2 ls, our DANTE excitation scheme corresponds to a 90°-s-180°-s spin echo. At the spinning rate m rot = 65 -kHz used in this Letter (rotor period s rot = 1/m rot = 15.38 Â 10 À6 s) such combs of pulses last 17 rotor periods and produce spikelets in the rf excitation spectrum spaced at multiples of m rot = 65 kHz, each with a width of about (17 Â 15.38 Â 10 À6 s) À1 = 3.8 kHz. This is much narrower than the inhomogeneous breadth of the spinning sidebands, so that the net effect is to excite a narrow 'pencil' within the breadth of each sideband. In such a manner one can selectively monitor, in 'slices' of a breadth of only 3.8 kHz, the distribution of chemically distinct sites in samples experiencing different anisotropic hyperfine interactions across the inhomogeneously broadened lineshape. The fits have been carried out assuming a single site. The variation of the anisotropy D aniso across the spectral width explored shows however that at least three different environments must be present. Starting at ca. 12 ppm, where we found a site A with D aniso = 150 -ppm, the rf carrier is progressively shifted to a second environment B (identifiable also in Figure 2b at ca. À15 ppm) characterized by a D aniso = 200 ppm. At ca. À38 ppm a third environment C has a much larger anisotropy D aniso = 400 ppm. In contrast to the previous two, the broad signal of the environment C is completely hidden under the envelope of spinning sidebands of the two sites A and B in Figure 2a and b. The isotropic shifts of the three sites as A, B and C are indicated by red arrows in Figure 2b and c. The DANTE echo method allows one to unveil structural information that is completely invisible in conventional MAS spectra. Figure   2d shows the distribution of the asymmetry parameter g over the spectral range considered. The asymmetry is more uniform than the anisotropy. The determination of g by MAS NMR is known to be more prone to errors than the anisotropy D aniso [27] . It is worth stressing at this point that the parameters extracted by our single-site fits are merely meant to identify variations across the spectral range considered, rather than to determine the anisotropic hyperfine interactions of individual sites. In fact, more than one site needs to be considered simultaneously to reproduce the observed lineshapes. Nonetheless, the variations identified by single-site fits allow one to estimate the number of distinguishable environments in the sample. In our Fe(III) complex, the above analysis of the distribution of anisotropic hyperfine parameters across the lineshape suggests that one can distinguish (at least) three different sites A, B and C with isotropic shifts at ca. 12, À15 and À38 ppm, respectively. These shifts result from contributions of the isotropic parts of both the chemical shift and paramagnetic interactions. We find that models assuming only two sites at the time can nicely describe the inhomogeneous broadening of our D nificantly improve the quality of the fits. This is due to the fact that the two environments A and B experience a very similar inhomogeneous broadening and can thus be reasonably well merged into a single site. On the other hand, site C, which is completely hidden when observing conventional echoes, needs to be considered in the fits, since it is responsible for the largest anisotropic hyperfine contributions to the spectra. The parameters of the two sites considered in the fits of the spectra shown in Figure 3 are summarized in Table 1 . It is worth noting that the largest anisotropic hyperfine interaction of site C can now be more accurately estimated to D aniso = 443 ppm, while a crude single-site fit gave D aniso = 400 ppm. Sites A and B were refined to have D aniso = 122 and 92 ppm, respectively, while the crude single-site analysis lead to overestimate them to D aniso = 150 and 200 ppm. The analysis of these data clearly shows that a single-site model underestimates the larger, and overestimates the smaller anisotropies. Once a two-site model is used, more reliable anisotropies are obtained, as testified by the quality of the fits shown in Figure 3 .
The anisotropic part of the dipolar hyperfine coupling between a paramagnetic center and a nearby nuclear spin depends on their distance R: [28] [29] [30] jD aniso j ¼ 2c½l 0 =ð4pR 3 Þ; ð1Þ 1 À s DANTE sequences while spinning at m rot = 65 kHz. The rf carrier frequency is shifted from +13 to À12 and À43 ppm in (a), (b) and (c), but the spectra are plotted so that the rf carrier (wavy arrow) always coincides with the vertical dashed line. The resulting displacements of the ppm scales are emphasized by the dashed line on the left. The fits were performed assuming that no more than 2 sites overlap. The relevant parameters of the anisotropic hyperfine interactions are listed in Table 1 . All spectra resulted from averaging of 64 scans, with a recovery delay of 2 s.
Table 1
Parameters describing the anisotropic hyperfine tensors of the two sites postulated in the numerical fits of the spectra shown in Figure 3a -c, acquired with the carrier frequency set on the isotropic shifts of the environments A, B and C, respectively. The percentage symbol % indicates the normalized integral of the spinning-sideband pattern resulting from the corresponding site. The parameters which characterize the environments A, B and C are shown in bold. Site 2 always features the largest inhomogeneity. 
where R and T are in units of Å and K, respectively. This model neglects intermolecular contributions to the anisotropic dipolar shifts. These contributions have been estimated in other studies [30] and are not considered here. In order to check the accuracy of our measurements and the prospects of determining interatomic H-Fe distances R in our system, we have performed a computational investigation considering the three possible spin states S = 1/2, 3/2 and 5/2. The structure of the molecule was first optimized with the semi-empirical method PM7 as implemented in MOPAC2012 [31] . A subsequent optimization was performed with Gaussian09 [32] using the B3LYP/6-31+G(d) level of theory. The effective-core potential LANL2DZ [33] [34] [35] basis set was used for the iron center. All these optimizations have been performed for each of the three possible spin states. The resulting global minima are shown overlaid in Figure  1b . The filled dots in Figure 4 show the anisotropies D aniso that were predicted from the optimized structures as a function of the optimized H-Fe distance R, using Eq. (2) for S = 1/2, 3/2 and 5/2. The distances calculated from the anisotropies D aniso that were obtained from fits assuming two sites of the experimental spectra observed with DANTE echoes for S = 1/2, 3/2 and 5/2 are instead shown with empty squares. The errors associated with the fitting process are smaller than ca. ±2 ppm and always fall within the size of the symbols of Figure 4 . As discussed above, in a two-site model, one site takes into account the largest anisotropy of site C, and the other takes into account the other two sites A and B, both characterized by a smaller anisotropy. The two groups of empty squares associated with these sites are indicated in the figure for each spin state S. For the low-spin configuration with S = 1/2 there is no agreement between the calculated and experimental data as there is an almost complete lack of overlap between the blue series of filled dots and empty squares. This allows one to exclude this electronic state. For the high-spin configuration S = 5/2, the agreement is poor for the protons nearest to the paramagnetic metal, for which anisotropies D aniso > 1000 ppm are predicted. The lack of experimental data for the nearest protons may be understood by recognizing that an anisotropic hyperfine pattern spreading over 1000 ppm (0.8 MHz at 18.8 T) could not be excited uniformly because of the high quality factor of our probe. It is worth mentioning that the pulse length s p = 0.2 ls used for our DANTE trains can ensure a uniform excitation over as much as s À1 p = 5 MHz. If we assume that S = 5/2, the experimental data also suggest distances as large as R A,B > 7 Å for the most remote protons, whereas our optimized structure predicts R < 6.6 Å for these protons. The overlap between experimental and predicted values is best for S = 3/2, for which all empty squares fall within the DFT-calculated range of distances. However, the experimental data slightly overestimate the distances for the closest environments at R C = 3.5 Å. Also in this case, there is a poor agreement for the most remote protons 6.0 < R < 6.6 Å. In contrast with the S = 5/2 case, these latter distances are instead underestimated to R A,B = 5.5 Å.
These discrepancies may be attributed to the severe overlap of the sites that we could observe in our proton spectra. Only the two environments, A and B, can be readily identified in Figure 2a and b. If m is the number of crystallographically distinct molecules per unit cell, as many as 16 Â m proton resonances could be observed. Nonetheless, in the spin system under investigation, our method is capable of unveiling a third site C with a much larger anisotropy. The method appears to be accurate, since the errors of the internuclear distances are limited to ca. ±1 Å.
Because of the high isotopic abundance and large gyromagnetic ratios of protons, the homonuclear dipolar interactions are very large, so that structural NMR studies based on protons in solids R (Å) are challenging. In paramagnetic species, the presence of large inhomogeneous dipolar hyperfine couplings makes these systems amongst the most challenging that one can possibly deal with in NMR spectroscopy. Nonetheless, DANTE spin echoes have proven to selectively measure anisotropies under extremely demanding conditions.
For each of the three hypothetical electronic spin states S = 1/2, 3/2 and 5/2, there are 16 filled dots in Figure 4 that correspond to the 16 protons in the metal complex bis(oxazolinylphenyl)amineFe(III)Cl 2 . On the other hand, the 18 empty squares correspond to the 18 experiments performed over the spectral window of Figure  2b by shifting the carrier frequency in 18 steps of 4 kHz. These 18 spectra sample the variations of the parameters that determine the inhomogeneously broadened spectrum of Figure 2a . Indeed we have been able to identify and fully characterize (see Table 1 ) three different environments A, B and C, the last of which is completely invisible in the spectral window of Figure 2b . These three environments can be thought of as three groups of protons which are found at three distinct (average) distances from the Fe(III) center. The optimized structures of Figure 1b indicate that, for any of the three hypothetical electronic spin states S = 1/2, 3/2 and 5/2, all 16 protons in the metal complex must be at a distance 3.2 < R < 6.6 Å from the Fe(III) center. By 'binning' the 16 proton distances into three groups according to R and subsequently taking the average distances within each group, one obtains three average distances derived from the structures that have been optimized by DFT calculations for the three spin states S = 1/2, 3/2 and 5/2. These three groups can then be directly correlated with the three environments A, B and C. The resulting histogram is shown in Figure  5a . The width of each box is (R max -R min )/3 = (6.6-3.2)/3 = 1.13 Å. The average distance within each box is represented by a vertical dashed line. For the three hypothetical electronic spin states S = 1/2, 3/2 and 5/2 we used blue, red and green dashed lines, respectively. Figure 5b shows correlations between the distances R exp calculated from the parameters D aniso that have been determined experimentally (see Figure 3 and Table 1 ) and the average distances R calc predicted from DFT-optimized structures. Clearly, the hypothesis of an electronic spin state S = 3/2 leads to the best agreement between experiments and calculations.
Conclusions
We have shown that DANTE spin echoes allow one to measure accurately the distribution of anisotropic hyperfine interactions across severely overlapping NMR signals, as occur in paramagnetic Fe(III) complexes in solids. This is made possible by the intrinsic excitation properties of DANTE combs of rotor-synchronized pulses: (i) the full inhomogeneously broadened spectrum that spans ca. 600 ppm (ca. 350 kHz) can be uniformly excited through the use of sub-microsecond pulses, typically s p = 0.2 ls; (ii) a 90°n utation angle can be achieved for efficient excitation through the cumulative effect of K such pulses applied during K rotor periods (typically K = 5), (iii) a 180°nutation angle for efficient refocusing results from the cumulative effect of 2K such pulses applied during 2K rotor periods, (iv) the width of the rf spikelets is determined by the overall duration of the spin-echo sequence, which amounts to 3K rotor periods or 230.8 ls if m rot = 65 kHz and K = 5, leading to a width of the rf spikelets of ca. 4 kHz. This duration can be optimized to adapt the selectivity if different sites are incompletely resolved. This method can unveil sites that are completely hidden under the inhomogeneous lineshape in conventional spin-echo spectra. The anisotropic pseudocontact shifts of the Fe(III) complex determined by our method correlate generally well with interatomic distances calculated with DFT methods. This approach may also offer a new means to investigate electronic spin states and thus the electronic configuration of metal centers. (Figure 3a-c) . The fitting procedures were allowed to explore a space spanned by the following five parameters: the height of the isotropic peak, the isotropic shift, the anisotropy, the asymmetry, and the line broadening. Where applicable, fits for two sites were achieved by allowing all 10 parameters to vary. The error bars shown in Figure  2c ,d were estimated by adding random noise proportional to the actual noise level to the experimental spectra and repeating the fitting procedure on the resulting data sets. The difference |k-k noise |, where k = D aniso or , was assumed to be representative of the errors. The three structures of the Fe(III) complex were firstly optimized with the semi-empirical PM7 method implemented in MO-PAC2012 [31] . A further optimization was performed with Gaussian09 [32] using the DFT B3LYP [37, 38] hybrid functional and LANL2DZ [33] [34] [35] and 6-31 + G(d) basis sets for Fe and all other atoms, respectively.
Experimental and computational details

